ABSTRACT. Single nucleotide polymorphisms at codons 167, 198, and 200 in the β-tubulin isotype 1 gene have been associated with benzimidazole resistance. Until now, the only mutation observed in Ancylostoma caninum was at codon 200 of this gene. However, the standardized methodologies used to detect mutations in this species are faulty. The objective of this study was to standardize a molecular technique based on amplification-refractory mutation system-polymerase chain reaction (ARMS-PCR) for detecting the mutation at codon 200 in the A. caninum β-tubulin isotype 1 gene. Controls were synthesized both for the absence of the mutation, using conventional PCR, and for the presence of the mutation, using the Megaprimer-PCR technique. After (2015) standardization of the ARMS-PCR using the controls, the technique was validated through an analysis of 75 A. caninum DNA samples, followed by sequencing. The results revealed that the developed technique has high sensitivity, specificity, and reproducibility, which allow its application in the field.
INTRODUCTION
Ancylostoma caninum is a nematode of great veterinary importance that parasitizes canines and felines (Dias et al., 2013) . The primary prophylactic method taken against this parasite, and nematodes in general, is mass drug administration (MDA). Although this strategy ensures that infections are maintained below morbidity levels, periodic MDA can be risky because it induces strong selective pressure for drug-resistant strains (Melo and Bevilaqua, 2005; Prichard et al., 2012) .
The most commonly used drugs in this strategy are the benzimidazoles. These drugs block the polymerization of parasite microtubules by binding to β-tubulin proteins (Lacey, 1988) . Single nucleotide polymorphisms (SNPs) in the β-tubulin isotype 1 gene at codons 167, 198, and 200 have been linked to benzimidazole resistance in some nematodes of importance to humans, including Wuchereria bancrofti, Ascaris lumbricoides, and Trichuris trichiura (Hoti et al., 2003; Diawara et al., 2013) , and nematodes of veterinary importance, such as Haemonchus contortus, Teladorsagia circumcincta, and Cooperia oncophora (Elard et al., 1996; Njue and Prichard, 2003; Ghisi et al., 2007) . However, until now, there have been no studies demonstrating the presence of mutations in the β-tubulin isotype 1 gene in A. caninum.
A molecular technique widely used for the detection of these SNPs is based on amplification-refractory mutation system polymerase chain reaction (ARMS-PCR) (Figure 1) . This technique relies on the fact that conventional Taq DNA polymerase does not show 3'-5' exonuclease activity, so a mismatched pairing at the 3'-end of the primer with the DNA sample makes amplification impossible (Wang et al., 2014) . This technique uses only one pair of primers per reaction, whereas its variant, the tetra-primer ARMS-PCR, uses four primers in the same reaction (two external and two internal primers), one primer to anneal to the non-mutated allele sequence and one primer to anneal to the mutated allele (Ye et al., 2001) . Although the tetra-primer ARMS-PCR technique can produce a straightforward result, its standardization, in which four different primers must work together, is not always readily accomplished. A unique mismatch at the 3'-end of the primer is insufficient to avoid non-specific amplification, making a second mismatch necessary (Schwenkenbecher et al., 2007) . Therefore, the objective of this study was to standardize a molecular technique based on ARMS-PCR for the detection of mutation at codon 200 in the A. caninum β-tubulin isotype 1 gene. 
MATERIAL AND METHODS

Ethics statement
Adult worms were collected during necropsy of the small intestines of 10 dogs of undefined breeds, which were routinely subjected to euthanasia following the approved procedures of the Municipality Health Centers of the Belo Horizonte by the Zoonoses Control Center (CCZ). These dogs are typically euthanized because they are infected by Leishmania spp. The anesthesia and euthanasia procedures were performed by CCZ professionals, in compliance with current legislation. All animal procedures were approved by the animal-care Ethics Committee of the Federal University of Minas Gerais (Protocol 328/12) and were performed under the guidelines from Conselho Nacional de Controle de Experimentação Animal (CONCEA; Brazilian Council of Animal Experimentation); the procedures strictly followed the Brazilian law for "Procedures for the Scientific Use of Animals" (11.794/2008).
Parasites and DNA extraction
Adult hookworms were washed in physiological saline, identified morphologically to the species level and frozen (-80°C) until use. DNA extraction was performed using 75 A. caninum (32 males and 43 females), employing a technique described by Waldschmidt et al. (1977) . Individual adult worms were ground in a microcentrifuge tube using a glass pestle and liquid N 2 and were then homogenized with 400 μL lysis buffer [50 mM Tris-HCl, pH 8.0, 2% sodium dodecyl sulfate, 0.75 M NaCl, 10 mM ethylenediaminetetraacetic acid (EDTA)] and 100 μg/mL proteinase K (Promega, Madison, WI, USA). The samples were subsequently incubated at 65°C for 30 min, deproteinized with chloroform:isoamyl alcohol (24:1), and centrifuged at 12,000 g for 5 min at 25°C. The organic phase was transferred to another microcentrifuge tube and incubated with 100 μg/mL RNase A (Ludwig Biotec, Porto Alegre, RS, Brazil) for 30 min at 37°C. The samples were next submitted to a second deproteinization step with chloroform:isoamyl alcohol (24:1) and precipitated with 400 mL isopropanol after centrifugation at 12,000 g for 30 min at 4°C. The resulting pellet was resuspended in 15 μL DNase-free double-distilled water.
Primer design
The primers employed in this study were designed using the program Oligo Explorer 1.4 (Gene Link, Hawthorne, NY, USA), based on the sequence of the β-tubulin isotype 1 gene of A. caninum available in the National Center for Biotechnology Information database (www. ncbi.nlm.nih.gov) under accession number DQ459314.1. Table 1 lists all of the primers, the primer annealing temperatures, and, when applicable, the position of the base that was modified. Table 2 shows the amplicon sizes for the different primer combinations. Positions where changes have been made are underlined. 
Synthesis of negative and positive controls
The ARMS-PCR technique was used to detect mutations at codon 200. To standardize this molecular technique, we first synthesized controls for the presence and absence of the mutation. PCR amplifications were performed using GoTaq Green Master Mix (Promega), with a final concentration of 0.2 μM for each primer and approximately 20 ng DNA. All amplification steps were performed in a Mastercycler (Eppendorf, Hamburg, Germany) thermocycler according to the following program: 94°C for 5 min for the initial denaturation of double-stranded DNA, followed by 30 cycles at 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min, with a final extension step at 72°C for 8 min. In all amplification runs, a "blank" sample was included in which the DNA was replaced with water to assess the presence of possible contaminants.
To synthesize the negative control for the mutated allele at codon 200, hereafter referred to as TubN, an initial PCR amplification was performed with the primers Fa and Ra using genomic DNA from A. caninum. Next, semi-nested PCR was performed using the primers Fa and Rc, and the obtained fragment was sequenced to confirm the absence of mutation. The fragment was subsequently cloned using the pGEM-T Easy Vector System (Promega), then transformed into XL1-blue cells (Phoneutria Bio, Santa Branca, SP, Brazil) and recovered via miniprep (Wizard Plus Miniprep DNA Purification System, Promega).
To synthesize the mutated positive control, referred to as TubM, site-directed mutagenesis was performed using the Megaprimer-PCR technique. The cloned TubN was employed as a template for PCR amplification using the primer combination of Fa and Rm. The Rm primer was designed to include a mismatch at position 8 of the 3ꞌ-end of the primer that replaced an A nucleotide with a T to mimic the mutated sequence. The reaction product was subjected to electrophoresis on a 1.0% agarose gel (w/v) (Midsci, St. Louis, MO, USA) with 0.5X Trisacetate EDTA (TAE) buffer, and the gel was stained with GelRed (Biotium, Hayward, CA, USA). The fragment was then excised from the gel and purified (Illustra GFX PCR DNA and Gel Band Purification Kit, GE Healthcare, Little Chalfont, UK), and the concentration was determined. Approximately 25.0 ng first reaction product was used as a forward mega-primer in the second reaction, in combination with the reverse Rc primer. The product of this reaction was purified, sequenced, cloned, and recovered in the same way as described for TubN.
ARMS-PCR
The synthesized TubN and TubM controls were used in PCR assays to test and select the primers that were synthesized. For each control, PCRs were performed with different combinations of primer pairs. Reactions combining primer pairs consisting of Fa and different reverse primers were performed to detect the mutated fragment, whereas different combinations of forward primers in association with the Rc reverse primer were applied to detect the fragment without a mutation. To determine whether the correct annealing of the last bases in the target sequence by itself would be sufficient for the high specificity of such conditions, the primers Fs and Rr were designed without any mismatches. Based on the possibility that these primers might not distinguish fragments with or without mutations, primers with a mismatch at different positions were designed to ensure high specificity. Thus, mismatch primers were designed at position 2 of the 3ꞌ-end (Fs2 and Rr2), and at positions 3 (Fs3 and Rr3) and 4 (Fs4 and Rr4). The base pair substitutions were designed as described by Ye et al. (2001) . The products of these reactions were subjected to electrophoresis on 1.0% agarose gels (w/v) with 0.5X TAE buffer, and the gels were stained with GelRed.
Validation of ARMS-PCR
After the synthesis of the controls and the selection of primers, the technique was validated by use of 75 DNA samples from A. caninum. A first PCR amplification with primers Fa and Ra was performed for each sample, after which a second reaction was carried out using the selected primers Fs4 + Rc and Fa + Rr4. These samples also were subjected to sequencing. Thus, the product of the first reaction with primers Fa and Ra was used for a second reaction in a final volume of 25 μL, applying the same conditions described for the control syntheses, with a 0.2 µM concentration of the Fa and Rc primers. The PCR products were subsequently purified, quantified, and sequenced. Sequencing was performed according to the method originally described by Sanger et al. (1977) . All sequencing reactions were carried out using the DYEnamic ET dye terminator cycle sequencing kit (GE Healthcare), and the runs were performed using the MegaBACE Long Read Matrix (GE Healthcare) with the same primers as in the second reaction. Chromatograms were analyzed using the Sequence Scanner software (Life Technologies, Carlsbad, CA, USA).
RESULTS AND DISCUSSION
Based on the primer analyses, we determined that primers without a second mismatch were non-specific, resulting in amplification regardless of the plasmid that was used, either with primers directed to the control (Figure 2A, lanes 1 and 2) or when primers to the mutated allele where used ( Figure 2B, lanes 1 and 2) . primers Fa and Rr2; lanes 5 and 6: primers Fa and Rr3; and lanes 7 and 8: primers Fa and Rr4. For the two gels, the TubN negative (wild type) control was used for the reactions in the odd-numbered lanes, and the mutated positive control TubM was used in the even-numbered lanes. Lanes 9-12 correspond to the blank control for the reactions. The images show agarose gels (1%) stained with gel red. MW: 100-bp molecular weight marker.
In contrast, primers with a mismatch at position 2 of the 3'-end were unable to anneal or produce any amplification product (Figure 2A, B, lanes 3 and 4) . Primers with a mismatch at positions 3 and 4 were specific (Figure 2A, B, lanes 5-8) . Therefore, we chose to use the forward primer Fs4 (for annealing in the absence of a mutation) and the reverse primer Rr4 (for annealing in the presence of a mutation), as these primers presented a mismatch at the farthest position from the 3'-end. Figure 2 shows the results of PCR amplification using the forward (A) and reverse (B) primer selections.
The standardization of molecular techniques is not always simple, and the extrapolation of species-specific protocols may not always be successful. For example, in analyzing codon 200 in Necator americanus, Albonico et al. (2004) did not add a second mismatch in the primer, whereas Ye et al. (2001) reported the need to add a mismatch at position 2 of the 3'-end of the primer. These data contradict the results obtained in the present study. We found that primers without a mismatch did not show good specificity and annealed to the target sequences irrespective of whether they included a mutation. Our primers with a mismatch at position 2 of the 3ꞌ-end did not allow annealing, regardless of the target sequence. Our results were satisfactory only when we used primers with a mismatch at the 3rd or 4th position of the 3'-end. In this study, we attempted to establish a tetra-primer ARMS-PCR approach to simultaneously analyze the two different alleles using four primers in a single reaction; however, the reaction presented low specificity and produced many more fragments than expected, despite all efforts to optimize the reaction, demonstrating that the problem was intrinsic to the region where the primers needed to anneal. Therefore, we opted to perform separate reactions that proved to be completely reproducible.
Based on the standardization of the technique using control plasmids, we validated the method using 75 DNA samples from A. caninum. PCR amplifications were performed in two separate reactions for all of the samples analyzed, thereby allowing both alleles to be assayed separately. In one reaction, a primer set targeting the mutant allele was used, and the other employed a primer set for the non-mutant allele. Of the total samples analyzed, only one sample showed amplification in both reactions (i.e., was heterozygous), while all other reactions resulted in amplification only in the reaction to detect the non-mutated allele. Figure 3 shows a representative gel of PCR products used to validate the technique. Representative results of the validation of amplification-refractory mutation system polymerase chain reaction (ARMS-PCR). Individual worm genomic DNA samples were subjected to PCR amplification with two sets of primers. The lanes indicated by odd numbers correspond to PCR products obtained using the primer combination Fs4 and Rc to detect the fragment without a mutation (209 bp), whereas the lanes identified by even numbers correspond to PCR products obtained using the primer combination Fa and Rr4 to detect the fragment with a mutation (164 bp). In lanes 1-4, synthesized controls were used (lanes 1 and 4: TubN (negative (wild type) control; and lanes 2 and 3: TubM (mutated positive control)). For each sample, the two reactions were analyzed side by side. Lanes 13 and 14 correspond to the blank controls for the reactions. The image shows an agarose gel (1%) stained with gel red. MW: 100-bp molecular weight marker.
The results obtained using these standardized molecular techniques were confirmed through sequencing. Real-time quantitative PCR for the detection of A. caninum SNPs had been previously proposed (Schwenkenbecher et al., 2007; Schwenkenbecher and Kaplan, 2009) ; however, this method requires special equipment. In the present study, a conventional thermal cycler was sufficient to implement ARMS-PCR, and the results could be obtained directly, making them less subject to interpretation errors. Therefore, because the sequencing results confirmed the ARMS-PCR results, the standardized molecular technique described herein represents a reproducible method for detecting mutations at codon 200.
The technique presented in this report has an internal quality control aspect as well, because the samples should be amplified by at least one combination of primers utilized, either to the mutated allele or to the wild-type, drug-sensitive allele. Therefore, PCR was not performed for additional constitutively expressed genes, as such controls were not required. In this study, worms of both sexes were used in the DNA extraction procedure and allelic analyses, but for a screening study, only male worms should ideally be used because egg DNA in the female uterus may affect the results.
Assays for detecting resistance in parasites primarily rely on phenotypic analyses, which are widely applied in livestock (Lyndal-Murphy et al., 2014) . Standardization of this molecular tool is a critical advance, particularly because the phenotypic tests offer low sensitivity, as a greater number of excreted eggs in dog feces does not necessarily indicate a higher parasite load. Depending on the degree of agglomeration in the host, A. caninum can modulate oviposition (Krupp, 1961) . Thus, diagnoses of helminth resistance in dogs based only on counts of the number of eggs before and after treatment may not indicate the actual levels of resistance.
We conclude that this standardized molecular technique corresponds to a sensitive, specific, and cost-effective method, which may be used for field studies. This technique can assist in monitoring populations of resistant hookworms. The more quickly this monitoring is performed, the greater the chances of delaying the establishment of a parasite population that does not respond to treatment with benzimidazoles, increasing, in turn, the lifespan of these products.
